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BaCKgRoUND aND aIMS: Small-molecule flux in tissue 
microdomains is essential for organ function, but knowledge 
of this process is scant due to the lack of suitable meth-
ods. We developed two independent techniques that allow the 
quantification of advection (flow) and diffusion in individual 
bile canaliculi and in interlobular bile ducts of intact livers in 
living mice, namely fluorescence loss after photoactivation and 
intravital arbitrary region image correlation spectroscopy.
appRoaCH aND ReSUltS: The results challenge the 
prevailing “mechano-osmotic” theory of canalicular bile flow. 
After active transport across hepatocyte membranes, bile acids 
are transported in the canaliculi primarily by diffusion. Only 
in the interlobular ducts is diffusion augmented by regulat-
able advection. Photoactivation of fluorescein bis-(5-carbox-
ymethoxy-2-nitrobenzyl)-ether in entire lobules demonstrated 
the establishment of diffusive gradients in the bile canalicu-
lar network and the sink function of interlobular ducts. In 
contrast to the bile canalicular network, vectorial transport 
was detected and quantified in the mesh of interlobular bile 
ducts.
CoNClUSIoNS: The liver consists of a diffusion-dominated 
canalicular domain, where hepatocytes secrete small mol-
ecules and generate a concentration gradient and a flow- 
augmented ductular domain, where regulated water influx cre-
ates unidirectional advection that augments the diffusive flux. 
(Hepatology 2021;73:1531-1550).
The flux of small molecules through tissue compartments and vessel networks is a fun-damental process supporting organ function. 
Analysis of flux in microscopic vessels, cells, and tissue 
compartments in living organisms remains intractable 
due to their inaccessibility to conventional rheological 
and ultrasonic methods. In this work, we used the liver 
as an exemplary organ and quantified transport in its 
microscopic biliary conduits. Liver tissue architecture 
consists of lobules—functional units comprised of 
blood capillaries called “sinusoids,” hepatocytes, and 
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a canalicular network formed by hepatocyte apical 
membranes (Fig. 1A). The canalicular networks are 
linked to interlobular bile ducts (IBDs), which pro-
gressively converge into larger ducts and finally the 
extrahepatic bile duct.(1)
The prevailing concept ascribes the movement 
of bile (solvent) and its constituent small molecule 
solutes (bile acids, xenobiotics, etc.) to solvent fluid 
advection due to osmotic water influx and canalicu-
lar membrane contractility.(2) Hepatocyte-mediated 
active transport of bile acids and other organic solutes 
into the canalicular lumen is expected to generate an 
osmotic gradient that drives the movement of water 
and causes flow of canalicular bile. Bile would then 
be pushed through the canalicular network with an 
increasing velocity toward IBDs, supported by peri-
stalsis-like contractions of canalicular membranes.(3) 
In the present study, we established intravital arbitrary 
region image correlation spectroscopy (IVARICS), 
fluorescence loss after photoactivation (FLAP), and 
time-lapse microscopy techniques to quantify flux 
in microdomains in live organisms. Applying these 
techniques to bile canaliculi and interlobular bile 
ducts revealed a diffusion-dominated canalicular and 
flow-augmented ductular domain through which 
bile flux occurs. We present a mechanistic model of 
bile flux that corroborates existing knowledge of bile 
clearance but is not compatible with the prevailing 
mechano-osmotic concept of bile flow.
Materials and Methods
C5/BL6 of HNmice were anaesthetized and 
the liver was exposed for intravital imaging 
through an abdominal incision. Fluorescent dyes 
(CLF, Fluorescein, CMNB-Fluorescein, custom 
ATTO-BA conjugaes) were injected intravenously 
through a tail-vein catheter. Intravital imaging was 
performed through confocal microscopy equipped 
with an environmental control chamber with the 
animal under anaesthesis. Analysis of imaging data 
was performed with custom routines in ImageJ and 
Python.Simulations were performed numerically 
solving Navier-Stokes equations on 3D-digitazatoins 
of canalicular networks and IBDs. Intravital imag-
ing procedures including the acquisition parameters; 
custom analysis analysis routines for photoactivation 
and IVARICS, in silico modeling, and synthesis of 
fluorescent bile acid analogues are provided in the 
Supporting Information.
Animal experimentation, care and husbandry was 
performed as per the German Animal Welfare Act (1972), 
Animal Protection Laboratory Animal Regulations 
(2013), and European Directive 2010/63/EU.
Results
Intravital analysis of bile flux was enabled by 
hepatocyte nuclear factor 1 beta (HNF1β)/cyclization 
recombination estrogen receptor (CreER)-reporter 
mice, which express tdTomato specifically in chol-
angiocytes,(4) and through the use of fluorescent 
analogues of bile salts. Fluorescent analogues such 
as cholyl-lysyl fluorescein (CLF) are transported 
by hepatocytes from sinusoids to canaliculi, allow-
ing direct visualization of the canalicular network. 
Confocal or two-photon imaging of live mouse livers 
shows the canalicular networks and connecting IBDs, 
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depicting the basic lobular architecture in which bili-
ary flux occurs (Fig. 1A).
DeteRMINatIoN oF loCal 
FlUX MeCHaNISMS aND tHe 
BoUNDS oF FlUX KINetICS 
IN tHe lIVeR CaNalICUlaR 
NetWoRK
Bile flux may occur either by advection or by inher-
ent diffusion of the bile salts through the canalicu-
lar space or a combination of both (convection). To 
investigate the local flux mechanisms, we used FLAP 
of a photoactivatable analogue of fluorescein (fluo-
rescein bis-[5-carboxymethoxy-2-nitrobenzyl]-ether 
[CMNB-Fluo]) in intravital microscopy of mouse 
livers. Following tail-vein injection, CMNB-Fluo 
was photoactivated at time points when it was almost 
entirely localized in the canalicular network. Repeated 
photoactivation of CMNB-Fluo was performed in a 
pulsed manner on predefined regions of known spa-
tial dimensions (Fig. 1B). By varying the time interval 
between the photoactivation pulses, a race condition is 
set up in the defined region between photoactivation 
pulses which increase fluorescence and the under-
lying flux mechanism which depletes fluorescence. 
Accumulation of fluorescence with subsequent pulses 
indicates insufficiency of the underlying flux to remove 
the fluorescent material in the time interval between 
pulses. An upper bound was established by decreas-
ing the activation pulse rate until the underlying flux 
rate could finally remove the fluorescent material in 
the time interval between activation pulses. Assuming 
pure advection in the canaliculi, the upper limit of the 
flux rate was determined to be ~0.05 μm/second as the 
ratio of the maximum length of the activated region 
and the minimum interval between pulses in which 
it is depleted. Correspondingly, assuming pure dif-
fusion, a lower bound of 0.5 μm2/second is obtained 
for the diffusion coefficient from the ratio of the area 
of the activated region and the time interval required 
to deplete fluorescence in the region. These limits of 
the flux rates of advection or diffusion suggest that 
the inherent diffusion of small molecule solutes such 
as bile acids dominates their transport, rather than 
advection of the solvent.
Flap DIFFeReNtIateS tHe 
DIFFUSIoN-DoMINateD aND 
aDVeCtIoN-aUgMeNteD 
CoMpaRtMeNtS oF tHe BIlIaRy 
SySteM
To determine the mechanism of bile flux, we 
examined the nature of the FLAP region after a sin-
gle photoactivation pulse in a blood vessel, canalic-
ular network, and IBD. The blood vessel represents 
a flow-dominated system, and thus the photoacti-
vated mass disperses by molecular diffusion in the 
solvent, while moving along with the vectorial blood 
flow (Fig. 1C; Supporting Movie S1). We next mea-
sured the loss of fluorescence in a circular photoacti-
vated region in the bile canalicular network because 
the diameter of individual canaliculi approaches the 
optical resolution limit and is too small to precisely 
define a region within the lumen. The dispersion 
of photoactivated material is symmetric with a cor-
responding symmetric spread outside this region, 
irrespective of the lobular location of the activated 
zone (Fig. 1C; Supporting Movie S2). The location 
FIg. 1. Definition of diffusion-dominated and advection-augmented compartments of the biliary system and identification of the upper 
bound of flux kinetics. (A) The diagram depicts the microdomains analyzed in the present study connected to macroscopic structures of 
the downstream biliary tract. Confocal maximum intensity projection (20 μm) of HNF1β/CreER-tdTomato-labeled bile ducts (red) and 
CLF-enriched canalicular network and duct lumen (green) 10 minutes after tail-vein injection of CLF in live mice. White dotted line 
indicates the PV. (B) Representative sequence of repeating CMNB-Fluo photoactivation, with pulses spaced 1.6 or 223 seconds apart, 
showing accumulating fluorescence due to insufficient depletion of a 10 × 10 μm activation region by canalicular bile flux. The graph 
shows quantification of intensities, indicating that CMNB-Fluo requires >40 s to be cleared from a 10 × 10 μm region by canalicular 
flux. (C) Photoactivation of CMNB-Fluo-dextran (10 kDa) in a CV blood vessel and CMNB-Fluo in the canalicular network and duct 
showing the activated region (white circle) with its centroid (red, AC), and the distance traveled by the fluorescence fronts (F1, F2) from 
the centroid due to bile flux. Ducts show vectorial flux (F1 > F2) in contrast to symmetric dispersion in the canalicular network (F1 ~ F2). 
The upper panel shows raw images (green, CMNB-Fluo; red, tdTomato marking ducts), while the lower panel represents the same with 
a polychromatic color table and annotations. Scale bars, 20 μm. The graphs depict the temporal evolution of spatial intensity profiles after 
photoactivation, with the intensity center-of-mass drifting in IBDs but remaining static in the canalicular network. Photoactivated region, 
white dotted circle. Scale bar, 20 μm. Abbreviation: A.U., arbitrary units.
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of the fluorescence maximum within the activated 
zone remains invariant over time. Alternative activa-
tion geometries (stripe, three-dimensional [3D]) led 
to identical conclusions (Supporting Fig. S1A and 
Movies S3 and S10). This indicates that the local bil-
iary flux in canaliculi is not vectorial and that the dis-
persion of bile salts is symmetric and omnidirectional 
in the canalicular network. This implies molecular 
diffusion rather than vectorial flow as the primary 
flux mechanism in the canalicular network, consistent 
with the extremely low upper bound of pure advection 
in the canalicular network. The same intravital pho-
toactivation technique was applied to IBDs (Fig. 1C) 
that were specifically visualized by cholangiocyte-spe-
cific tdTomato fluorescence labeling in the HNF1β/
CreER-tdTomato mice. Contrary to observations in 
canaliculi but similar to blood, dispersion of fluores-
cence was asymmetrical with vectorial bias along one 
direction in the IBD. This indicates the presence of 
advection, in addition to diffusion, that conducts bile 
flux in the IBDs. However, advection in the IBD is 
substantially slower compared to the blood vessel.
To demonstrate diffusion dominance in the canalic-
ular network, we performed FLAP experiments at the 
canal of Hering (CoH)—connections of the canalicu-
lar network to IBDs. These junctional regions would 
represent the transition zone from the diffusion- 
dominated canalicular lumen to the advection- 
augmented ductular lumen. Photoactivated CMNB-
Fluo in the canalicular network adjacent to the CoH 
(i.e., portal vein [PV] zone) transited to the IBD and 
diffused symmetrically into the network, as expected 
(Fig. 2A). However, photoactivated CMNB-Fluo in 
the CoH also transited retrograde into the canalicular 
network (Fig. 2B). This retrograde flux of fluorescence 
from the CoH into the canalicular network confirmed 
that in the canalicular network the inherent diffu-
sion of small molecules overrules the meager (if any) 
advection toward the bile duct.
We then confirmed that unidirectional flow in 
individual ductules (Fig. 1C) leads to a similar net 
vectorial flow in the larger ductular mesh surrounding 
PVs. We photoactivated a region of the mesh encom-
passing several ductules, themselves further connected 
to other branch clusters. CMNB-Fluo preferentially 
migrated to only some of the available connected 
clusters of branches. This demonstrates vectorial flow 
in the larger interlobular biliary network (Fig. 2C).
The insignificant canalicular advection under 
basal conditions led us to test if conventional inter-
ventions that are known to increase extrahepatic bile 
flow could induce canalicular advection. Secretin is 
known to stimulate bile flow from the bile duct epi-
thelium(5) and is expected to increase extrahepatic 
bile flow without increasing canalicular flux. In con-
trast, taurocholate (TCA) is excreted into canaliculi 
and expected to cause hyperosmotic water influx(6) to 
increase canalicular bile flow. Infusion of secretin or 
TCA induced an increase in extrahepatic bile flow 
from basal levels of ~1 μL/minute/g liver weight, up 
to ~3 μL/minute/g liver weight (Fig. 3A), recapitulat-
ing previous reports.(7,8)
Photoactivation in various lobular zones and 
IBDs was performed (Fig. 3B; Supporting Movie 
S4), and the half-life of clearance was determined 
(Supporting Fig. S1B). Relative contributions of dif-
fusion and advection were determined by quantifica-
tion of the dispersion and displacement of Gaussian 
photoactivation profiles for the diffusion coefficient 
and velocity, respectively(9) (Supporting Information, 
Photoactivation).
Under basal conditions, diffusion was similar in the 
interlobular ducts and all lobular zones of the can-
alicular network, ranging between median diffusion 
coefficients of 2-5  μm2/second (Fig. 3C; Supporting 
Table S1). However, the advective velocity in canalic-
ular networks was <0.02  μm/second. In contrast, bile 
ducts showed an advective velocity ranging 1-1.2  μm/
second. These findings reinforce the deduction that 
biliary flux is diffusion-dominated in the canalicular 
network but show that it is augmented by advection 
in the bile ducts. Following secretin administration or 
TCA infusion, advection in the canalicular network did 
not significantly increase and the diffusion coefficient 
remained similar to that under basal conditions. In the 
IBDs, the diffusion coefficient also remained unchanged 
from that of basal conditions, but the median advec-
tion velocity increased to up to 3.8  μm/second after 
secretin administration and up to 6.2  μm/second 
during TCA infusion (Fig. 3C; Supporting Table S1). 
These findings are consistent with the known prop-
erty of cholangiocytes to secrete water upon secretin 
stimulation(10) or when excess bile salts are detected 
in the bloodstream.(11) Yet, even under these con-
ditions, we find that the canalicular bile flux remains 
diffusion-dominated.
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QUaNtIFICatIoN oF FlUX 
paRaMeteRS FoR DIFFUSIoN 
aND aDVeCtIoN—IVaRICS
The quantification methods used for FLAP(9) 
assume a homogeneous fluid medium without diffu-
sion barriers. Nonideal conditions in a living mouse 
such as inherent inhomogeneity of the canalicular 
network, its finite size, boundary at the central vein 
(CV), and the sink at the CoH/IBD may affect the 
photoactivation profiles. To remove the effect of these 
nonideal morphological constraints on determina-
tion of flux parameters, we established an orthogonal 
approach to determine diffusion and advection rates 
in the biliary compartments—namely, IVARICS. 
Image correlation spectroscopy (ICS)(12,13) is based on 
rapid acquisition of fluorescence fluctuations caused 
by molecular movements (flux) in a defined region 
and the generation of corresponding correlation maps. 
The method is intrinsically local and yields apparent 
diffusion coefficients and advection velocities for the 
acquisition region. Image correlation techniques have 
distinct limitations compared to FLAP. They require 
a priori knowledge of the range in which flux param-
eters are expected, on which basis image acquisition 
and fitting parameters have to be set. In the case of 
in vivo imaging, light scattering by tissue and move-
ments of the animal during image acquisition must 
be compensated for during analysis (see Supporting 
Information, IVARICS). Nonetheless, due to its fun-
damentally different imaging acquisition, analysis, and 
limitations, IVARICS represents a complementary 
and orthogonal approach to FLAP analysis.
We first determined the feasibility of applying 
image correlation methods in vivo by acquiring 
conventional spatial and temporal ICS sequences 
in the liver sinusoids, hepatocytes, and canaliculi of 
mice infused with CLF. Because sinusoidal blood 
flow comprises both diffusion and advection, while 
the hepatocyte cytoplasm comprises only diffu-
sion, these compartments served as in situ controls. 
IVARICS sequences could be used to extract the flux 
mechanism—sinusoidal blood flow was measured to 
be ~60  μm/second, and diffusion coefficients were 
~2  μm2/second in all compartments (Fig. 4A). No 
advection could be detected in the hepatocyte cyto-
plasm as well as the canalicular lumen. The effect 
of animal movements due to heartbeat, respiration, 
and intestinal peristalsis (Supporting Fig. S2 and 
Movie S5) could be mitigated during postprocess-
ing using pruning of slow autocorrelations and the 
recently reported arbitrary region raster ICS (RICS) 
algorithm(13) (Fig. 4B; see Supporting Information). 
Spatial and temporal image autocorrelations (RICS/
temporal ICS [TICS]) were independently fitted to 
appropriate functions (see Supporting Information, 
IVARICS) to determine diffusion coefficients and 
velocities (Fig. 3C,D; Supporting Fig. S2 and Tables 
S2 and S3; Appendix 1).
Diffusion coefficients and velocities derived from 
IVARICS analysis of CLF or fluorescein-infused 
mice confirmed the findings of the FLAP experi-
ments (Fig. 3C-E). Median ductular advection veloc-
ity was measured to be ~1  μm/second under basal 
conditions, which increased to a value of 2.4  μm/
second by the action of secretin on the duct and to 
3.7  μm/second through TCA infusion (Fig. 4E). 
Flow in the canalicular network remained negligi-
ble and was affected by neither secretin administra-
tion nor TCA infusion. Diffusion coefficients in the 
canalicular network and interlobular ducts ranged 
2.4-6  μm2/second. Thus, the general conclusion of 
the FLAP experiments was validated by IVARICS.
Simulation of Bile Flux in 
the Liver
To validate if a system with diffusion-dominated 
canalicular flux, augmented by advection in the duct, 
is capable of accurately describing the behavior of bile 
acids in liver canalicular networks and ducts, we devel-
oped a deterministic Navier-Stokes in silico model 
FIg. 2. Demonstration of bile acid flux within and between diffusion-dominated canaliculi network and advection-augmented ductular 
mesh. (A) Representative images of photoactivation in the PV zone adjacent to a CoH junction. (B) Photoactivation in the CoH junction 
(right) showing ductular transit and retrograde flux into the canalicular network, respectively. Duct and CoH are annotated as dotted lines. 
(C) Photoactivation in a ductular mesh surrounding a PV. Clusters of branches of the ductular network are indicated. Photoactivated 
region, white dotted circle. Scale bar, 20 μm.
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in realistic canalicular geometries of the liver tissue. 
Confocal scans of immunofluorescence stained liver 
tissue showing canalicular network and IBDs were gen-
erated as described(14) and digitized into triangulated 
meshes that served as the simulation space (Fig. 5A). 
Concentrations of fluorescein or CLF generated 
within various liver compartments during our exper-
iments were estimated by establishing instrument 
calibration curves in murine bile in vitro (Supporting 
Fig. S3A). These concentrations and the diffusion 
coefficients as well as velocities for the canalicular 
network and IBDs determined thus far were used as 
input parameters for the simulations.
Simulations of repeated activation as described 
earlier (Fig. 1B) quantitatively reproduced the upper 
bound of flux rates (Fig. 5B). Simulations of single 
photoactivations in the canalicular network repro-
duced symmetric canalicular dispersion and unidirec-
tional displacement of intensity in the IBD (Fig. 5C), 
as was observed experimentally (Fig. 1C). The retro-
grade flux of fluorescence into the canalicular network 
from the CoH (Fig. 1D) was also accurately predicted 
by the simulations (Fig. 5D). The half-times of deple-
tion in silico for a given area were similar to those 
observed in vivo (Fig. 5C; Supporting Fig. S1B) and 
varied proportionately to the area of photoactivation. 
In summary, the “first-principles” simulation accurately 
recapitulated all experimental observations for using 
experimentally derived input parameters for diffusion 
and advection in the various zones. Thus, the simula-
tion reinforced our findings of a diffusion-dominated 
canalicular network with negligible (if any) advection 
and an advection-augmented ductular system.
FaCtoRS (Not) INFlUeNCINg 
gloBal CaNalICUlaR 
CleaRaNCe RateS
Water influx due to the osmotic gradient cre-
ated by bile salts, wherein the cholic acid moiety 
represents the osmotically active moiety, is the pre-
sumed raison d ’etre for canalicular advection. Because 
our results so far indicated no such advection in 
the canalicular network, we addressed the effect of 
osmosis on global clearance of the bile salt analogue 
CLF from the liver lobule under basal or stimu-
lated extrahepatic bile flow (TCA infusion, secretin 
administration) conditions. In particular, the effect 
of TCA to increase extrahepatic bile flow is ascribed 
to increased canalicular flow due to the aforemen-
tioned osmotic gradient.(2)
Following intravenous injection of CLF into the 
tail vein, intravital time-lapse microscopy showed 
that the rate of CLF clearance from the canalicular 
network was unchanged between basal conditions or 
secretin-stimulated and TCA-stimulated conditions 
(Fig. 6A,B,D; Supporting Movie S6). To rule out 
the possibility that the CLF molecule itself created 
a strong, perhaps maximal, osmotic gradient, we per-
formed calibrated quantitative comparison of cana-
licular excretion of its fluorophore (fluorescein) with 
and without coinjection of its osmotically active 
component, cholic acid.(15) Coinjection of cholic acid 
along with fluorescein did not significantly alter the 
kinetics of fluorescein excretion from the canalicular 
network (Fig. 6C,D; Supporting Movie S7). These 
observations are incompatible with a role of osmosis 
in canalicular excretion. Because the “difference in 
osmotic potential” assumption could not explain the 
differences in the half-life of clearance of CLF and 
fluorescein, we hypothesized that intrinsic trans-
porter activity of the hepatocyte generates their dif-
ferent clearance kinetics. CLF and fluorescein differ 
in molecular size, structure, and transporter speci-
ficity(16,17); hence, direct comparisons between the 
two compounds as substrates for transporter activity 
are complex. We therefore synthesized cholic acid 
derivatives CL-ATTO405 and CL-ATTO565, con-
jugated with two spectrally distinct but chemically 
similar fluorophores. Coinjection of both compounds 
FIg. 3. Quantification of canalicular flux in basal and stimulated conditions. (A) Stimulation of extrahepatic bile flow after administration 
of a secretin bolus or TCA infusion. Stimulation was provided 30 minutes after extrahepatic bile collection started (arrow). Data indicate 
mean ± SD of three mice per condition. (B) Representative time-lapse images following photoactivation in a defined region (white circle) 
of CMNB-Fluo (green) in canalicular networks adjacent to the CV, the PV, or the mid-zone, as well as in IBDs marked by tdTomato 
(red). Scale bars, 50 µm. (C) Quantification of diffusion coefficients from the half-life of intensity decay and advection velocity from shift 
of intensity center-of-mass for various lobular zones (CV, pericentral; MZ, midzonal; PV, periportal) under basal conditions or stimulation 
with secretin and TCA. Values indicate measurements in n > 8 mice for each condition. Dots in the box plots represent the data of 
individual mice. **P < 0.01 compared to controls. Abbreviation: MZ, mid-zone.
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into the tail vein showed that hepatocyte export of 
CL-ATTO405 occurred at a much higher rate than 
that of CL-ATTO565. This shows that the trans-
porter activity differs between the two compounds. 
However, in both cases, canalicular depletion closely 
followed the hepatocyte export kinetics. Thus, the 
higher export of CL-ATTO405 did not saturate the 
diffusive canalicular flux. Rather, hepatocyte export 
was the rate-limiting step for both compounds, 
and canalicular intensity remained correlated to the 
intensity in the hepatocytes (Supporting Fig. S3C 
and Table S4). Taken together, these results show 
that for bile acid concentrations of up to 400  μM 
(calibration curve, Supporting Fig. S3A) the hepato-
cyte export activity, rather than osmotic potential, 
determines canalicular clearance rates of bile acid 
analogues.
VISUalIZatIoN oF tHe loBUle-
WIDe DIFFUSIoN gRaDIeNt
A diffusive system such as the canalicular net-
work should establish higher concentrations at the 
closed (pericentral) end than at the sink (peripor-
tal) end. Such a gradient is a necessary condition to 
drive diffusive flux out of the network. However, local 
concentrations in canaliculi depend not only on can-
alicular flux but also on hepatocyte export. To inves-
tigate the influence of these factors, we measured the 
lobule-wide spatiotemporal distribution and clearance 
of 5-chloromethylfluorescein diacetate (CMFDA). 
Intracellular esterases cleave acetate groups from the 
nonfluorescent CMFDA, which enters hepatocytes to 
generate the ~400-fold brighter fluorescein molecule, 
which is then excreted into the canaliculi. Following 
tail-vein injection, fluorescein appears earlier and 
with higher intensity in periportal than in pericentral 
canaliculi (Fig. 7A; Supporting Movie S8). Within 
approximately 1 hour, the intensities in the periportal 
and pericentral canaliculi equilibrate to similar levels. 
These experiments show that the canalicular fluo-
rescein excretion by hepatocytes occurs in a PV–CV 
gradient. This transport-imposed gradient would 
antagonize and mask a diffusion-derived CV–PV 
canalicular gradient. To compare the relative clearance 
rates in periportal versus pericentral canaliculi, tempo-
ral intensity profiles were normalized to their maximal 
values. Normalized profiles showed a higher depletion 
rate in periportal than pericentral canaliculi, hinting 
at a diffusion-mediated gradient masked by an anti-
dromic transport gradient.
To demonstrate the existence of this diffusion 
gradient, we used a method that allows the sole 
analysis of the influence of diffusion on the can-
alicular intensity, without the interference of the 
hepatocellular export. For this purpose, we photo-
activated CMNB-Fluo lobule-wide approximately 
1  hour after tail-vein injection, when the material 
is predominantly in the canaliculi and not in the 
hepatocyte cytoplasm. Immediately after photoac-
tivation, a CV–PV gradient in canalicular intensity 
was visible, which steepened over time (Fig. 7B; 
Supporting Movie S9). After normalization to max-
imal intensities, the faster clearance rate of the peri-
portal compared to pericentral canaliculi became 
even more apparent. Taken together, we conclude 
that diffusion indeed establishes a CV–PV canalicu-
lar gradient, which is antagonized by higher hepato-
cellular export in the periportal zone.
Discussion and Conclusion
In this work, we combined advanced intravital 
imaging with simulation techniques in real geometries 
to investigate the flux characteristics of tissue micro-
domains. IVARICS is an adaptation of image correla-
tion spectroscopy, wherein the decay in correlation 
FIg. 4. Establishment of IVARICS. (A) Representative images acquired for ICS analysis in canaliculi, hepatocyte cytoplasm, and 
sinusoids. The graph shows quantification of diffusion coefficient and velocity in each compartment. (B) Workflow of IVARICS analysis. 
Representative fluctuation images of fluorescein-loaded canaliculi, and ducts are acquired. A binary mask representing the structures 
of interest is created. ACF maps are generated for both the intensity images and masks. A ratio of the intensity ACF and mask ACF 
yields a fluctuation ACF devoid of movement and shape effects. (C) Average normalized spatial (y) autocorrelation for various liver 
domains with fits for one-population 3D diffusion. (D) Average normalized temporal autocorrelation for various liver domains with fits 
for one-population 3D diffusion and advection. (E) Diffusion coefficients and velocities derived from spatial (RICS) and temporal (TICS) 
analysis for various canalicular zones (green) and interlobular bile ducts (red) under basal conditions or stimulation with secretin and TCA. 
Values indicate measurements of n > 4 mice for each condition. The dots in the box plots represent the data of individual mice. **P < 0.01 
compared to controls. Abbreviations: ACF, autocorrelation function; MZ, mid-zone.
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between pixels due to fluctuation of the signal created 
by molecular flux is used to compute the rate of flux, 
with specialized corrections for periodic animal move-
ments caused by heartbeat, respiration, and peristalsis. 
This allowed us to quantitatively decipher the mode of 
transport and determine its rate for small molecules in 
a submicron-scale vessel network of arbitrary geome-
try. Using FLAP studies, correlative imaging, rheolog-
ical measurements, and custom chemical probes, we 
have addressed a specific long-standing problem in 
liver physiology.
Diffusion-dominated canalicular bile flux contra-
dicts the concept of advective bile flow in the cana-
liculi that has been reported in medical textbooks for 
decades. The osmotic theory of bile flux states that 
bile flows through the canaliculi countercurrent to the 
direction of sinusoidal blood flow, due to osmolytes 
including bile acids being actively exported into the 
canalicular lumen, simultaneously drawing water 
along the osmotic gradient.(2) Because the canalicular 
network is closed at the pericentral end, water influx 
results in a unidirectional flow toward the bile duct. 
While the theoretical concept of the osmotic theory 
was proposed already in 1959,(18) corroboratory exper-
iments were presented in the following decades, com-
prehensively reviewed by Boyer.(2) A general feature of 
these experiments is the intravenous administration of 
compounds such as bile salts(8,19-22) with simultaneous 
measurement of increased extrahepatic bile volume 
and biliary compound excretion. Because bile acids 
and other organic solutes are secreted by hepatocytes 
into the bile canaliculi and extrahepatic bile flow var-
ied approximately linearly with the amount of infused 
compound, it was concluded that the canaliculi are the 
anatomical structure where flow is initiated. Further, 
because the apparently linear relationship seemed 
to contain an inherent offset, the resultant extrahe-
patic bile flow was proposed to consist of a bile salt–
dependent fraction, which varies with the amount of 
administered bile acid, and a bile salt–independent 
fraction attributed to osmolytes other than bile acids 
and/or to water secretion by cholangiocytes.(2) As long 
as the focus is on macro-scale correlations between 
the infusion and clearance of compounds from blood 
and the excreted volume of extrahepatic bile as well as 
the excreted amounts of compounds, the osmotic flow 
concept creates no contradiction.
Yet, it was also recognized early on that the 
postulated linear relationship between infused 
compounds and extrahepatic bile flow is only approx-
imate.(18,19,22-24) This unsatisfactory linearity has been 
dealt with by introducing a “correction for delay in 
transit in the biliary tree” when comparing two com-
pounds.(22) Nahrwold and Grossman(24) detected 
threshold effects in the induction of increased extrahe-
patic bile flow—an observation incompatible with the 
osmotic theory without further assumptions. Wheeler 
et al.(19) specifically recognize through theoretical con-
siderations that diffusion could also explain the exper-
imentally observed bile salt excretion and lament that 
direct canalicular flow measurements are not available. 
In later work, Wheeler and Ramos(25) cautiously state 
that the osmotic theory “would provide an adequate 
explanation” but agree that for such observations, it 
does “not seem necessary to invoke a specific mech-
anism for active water transport.” Indeed, as long as 
the focus is on macro-scale extrahepatic bile flow, the 
precise mechanism of canalicular transport (diffusion/
advection/convection) is not relevant in order to derive 
these correlations. However, this mechanism becomes 
relevant for other questions, such as the influence of 
pathological biliary pressure in canaliculi or the site of 
action of choleretic drugs.
For example, the concept of “osmotic canalicular 
bile flow” has been used to mathematically model the 
velocity of canalicular bile flow and the resulting pres-
sure, claiming a bile velocity in periportal canaliculi of 
up to ~12 μm/second in mice.(3) Based on the osmotic 
FIg. 5. Simulation of bile acid flux mechanisms. (A) Representative 3D immunostained confocal stack (left) identifying the canalicular 
network and IBD and its digitization to a polygonal mesh (right). (B) Simulation of repeated photoactivation with various time intervals 
in a 10-µm radius spherical region encompassing a canaliculus. Graphs show quantification of mean intensity in the activated spherical 
region with various activation intervals (compare Fig. 1B). (C) Simulation of single photoactivation in the canalicular network of varying 
radii (top, middle) and IBDs (bottom), showing a directional shift in the center of mass of the spatial intensity. Graphs show temporal 
profiles in the canalicular network (compare Supporting Fig. S1B) and spatial profiles in the IBD and canalicular network (compare 
Fig. 1C). (D) Simulation of photoactivation in the CoH, showing retrograde diffusion to the canalicular network (compare Fig. 1D). 
All simulations were performed with experimentally derived flux parameters (D = 3 µm2/s, V = 0 µm/s in canaliculi, 1 µm/s in ducts). 
Photoactivated region, white dotted circle. Scale bar, 10 µm. Abbreviations: DPP4, dipeptidyl peptidase 4; KRT19, keratin 19.
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concept of bile flow, another study simulated pericen-
tral canalicular pressure in individual patients with 
nonalcoholic steatohepatitis and calculated increases 
above 3,000 Pa due to altered canalicular morphol-
ogy. This was interpreted as a “new component of the 
[nonalcoholic fatty liver disease] pathophysiology.”(26) 
The applicability of these models crucially depends on 
what the actual molecular mechanisms of canalicular 
flux are. Leaving such conclusions(26) unchallenged 
may encourage the development of unfounded ther-
apies that focus on modifying canalicular flow and 
pressure.
Validation of the osmotic theory of bile flow, and 
its prediction that bile flows countercurrent to sinu-
soidal blood is dependent on observation and mea-
surement of flux in microscopic structures such as 
canaliculi and IBDs in live organs. In the present 
study, we directly investigated the flux mechanism 
in these microdomains and excluded the canaliculi 
as the anatomical site where flow originates. The 
osmotic concept did not consider that the transport 
of solutes may also occur through a standing-water 
compartment by molecular diffusion. The techniques 
developed in our study allow us to experimentally 
quantify flow and diffusion in bile canaliculi and 
ducts of intact livers in situ and thus to validate or 
falsify previous model predictions.
Our results show that bile acids are transported 
primarily through diffusion in the canaliculi, while 
being augmented by directional advection in the 
interlobular ducts. Through these observations, we 
deduced the compartmentalization of the liver into 
a diffusion-dominated canalicular domain, where 
hepatocytes actively secrete small molecules and 
generate a concentration gradient that drives dif-
fusive flux toward the IBDs (Fig. 8A). In IBDs, 
regulated and inducible water influx creates unidi-
rectional advection, which augments the diffusive 
flux. Water influx into ducts can be caused either 
directly by hormones such as secretin(27) or indi-
rectly by bile salts themselves, as demonstrated for 
TCA,(10) explaining the corresponding increase in 
extrahepatic bile flow. This inducible increase in 
advection is restricted to the bile ducts, while the 
canalicular network remains nothing more than a 
standing-water zone.
We note that the principle of liver physiology 
presented in this work, with a diffusion-dominated 
standing-water domain connected to an inducible 
flow-augmented excretion duct, seems a general prin-
ciple applicable to exocrine glands (Fig. 8A,B). All 
exocrine glands contain an acinus, surrounded by epi-
thelial cells that secrete their products into the aci-
nar lumen. The lumen represents a reservoir where 
products accumulate to high concentrations, which 
is connected to an excretion duct in which flow can 
be induced on demand. A similar design enables the 
function of all ~42 types of mammalian exocrine 
glands,(28) of which the liver is the largest. For exam-
ple, lactating mammary glands synthesize milk pro-
teins consistently in the acini, but secretion of milk 
is induced through the action of hormones such as 
prolactin on the mammary ducts. From this perspec-
tive, the canalicular network may be envisaged as a 
highly reticulated form of the conventional spheroidal 
acinus (Fig. 8B). The reticulated geometry is probably 
imposed due to the necessity of hepatocytes to maxi-
mize their contact area with the also reticulated sinu-
soidal network, which dictates their positioning. This 
modified acinus is connected to flow-augmented bile 
ducts of the liver, following the general principle of 
exocrine glands.
The reticulated acinus (bile canaliculi) of the liver 
implies reduced degrees of freedom for molecular 
flux compared to a spherical acinus and contributes 
to complex zonation phenomena. Due to diffusion, a 
gradient with higher bile acid concentrations at the 
pericentral closed end of bile canaliculi is established, 
while concentrations at the periportal open end are 
lower (Fig. 7B). However, the diffusive CV–PV gradi-
ent is antagonized by an antidromic gradient, caused 
by the higher canalicular excretion rate of periportal 
than pericentral hepatocytes (Fig. 7A). The preferen-
tial PV excretion of bile acids and other compounds is 
FIg. 6. TCA, secretin, and cholate do not influence canalicular clearance compared to vehicle control (VC). (A) Representative time-
lapse images of the canalicular clearance of CLF with and without TCA infusion. (B) Representative time-lapse images of the canalicular 
clearance of CLF with and without secretin administration. (C) Representative time-lapse images of the canalicular clearance of fluorescein 
with and without cholate injection. (D) Quantitative comparison of clearance kinetics under conditions described in (A-C), for n > 6 mice 
each, with no significant difference due to secretin, TCA, or cholate treatment for the respective fluorophore. Scale bar, 50 µM.
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in agreement with previous studies, injecting [3H]tau-
rocholate into the PV of isolated perfused rat livers, 
which led to a steep PV–CV gradient of radioactive 
tracer in liver tissue.(29) Vice versa, the same authors 
also show that retrograde perfusion with [3H]tauro-
cholate injection into the CV led to a CV–PV gradi-
ent.(30) These experiments suggest that uptake from 
the sinusoid into hepatocytes depends on the sinu-
soidal blood concentration, which decreases during 
passage through the lobule. As the excretion and the 
diffusion-driven gradients are antidromic (Fig. 8C), it 
is difficult to visualize the diffusive gradient by the use 
of conventional fluorescent “always-on” tracers such as 
CLF or CMFDA. However, the diffusive CV–PV 
gradient can be demonstrated by photoactivatable 
fluorophores, e.g., CMNB-Fluo, if photoactivation 
is performed when most of the compound has been 
excreted to the canaliculi. Preferential excretion of bile 
acids in the PV zone leads to diffusive equilibration 
into the duct but also the rest of the canalicular net-
work toward the CV zone. This retrograde loading 
means that bile acids are kinetically trapped in the 
network at a relatively high concentration. In case of a 
demand of bile acids in the intestine after food intake, 
low pH in the stomach (and duodenum) triggers S 
cells in the mucosa of the duodenum to release secre-
tin into the blood, which causes water influx into bile 
ducts through cholangiocytes and thereby flow of bile 
to the gall bladder, which releases its content into the 
duodenum under the control of other hormones, such 
as cholecystokinin.(31) Therefore, hepatocytes represent 
a domain of continuous bile acid synthesis, canaliculi 
serve as an intermediate store, while the duct acts as a 
logistic center that serves the food intake–dependent 
needs of the intestine for bile acids. Photoactivation 
in the present study was performed for small regions 
(e.g., radius, 10  μm), to analyze local flux properties, 
as well as for large areas comprising entire lobular 
sections (radius, 200  μm). These experiments clearly 
demonstrated that the diffusion-dominated flux in 
canaliculi and the advection-augmented flux in ducts 
hold at the scale of the lobule. Diffusion gradients 
could be demonstrated over the lobular canalicular 
network, while vectorial transport was observed in 
the mesh of IBDs around PVs. Photoactivation of 
entire lobules also demonstrated the sink function of 
interlobular duct meshes because canalicular inten-
sities decreased faster in the neighborhood of these 
structures, while fluorescent material was cleared more 
slowly in the pericentral zone. It should be considered 
that a flow-dominated mechanism would create a gra-
dient of the opposite orientation with lower concen-
trations in the lobule center (CV zone).
Why does the excretion of bile acids into the can-
aliculi not cause any measurable advection? Advection 
is not the inevitable result of the transport of osmoti-
cally active compounds into a biological network with 
a closed end. Bile acids, as hydrophobic molecules, are 
incorporated into phospholipid micelles, preventing 
them from exerting their full osmotic potential.(15) 
Rather, the effect of inorganic ionic balance is clearly 
known to play a complex role in bile acid excretion 
and extrahepatic bile flow.(25,32) Yet, the secretion of 
bile acids by hepatocytes will necessitate simultane-
ous uptake of anions such as Cl− to maintain plasma 
membrane potential.(33) Homeostatic ion exchange 
may counteract the development of any net osmotic 
pressure in the canalicular lumen. The present anal-
yses show that advection does not exceed 0.02  μm/
second in the canalicular network, suggesting that, as 
far as flow is concerned, the osmotic effect of osmotic 
ion exchange is exerted primarily in the biliary ducts, 
not the canalicular network.
Canaliculi are known to contract autonomously 
and asynchronously at a low frequency of 6 events/
hour through a calcium-dependent mechanism.(34) 
This has been proposed to cause propulsion of bile 
in the canaliculi. Again, the absence of any significant 
advection in the canalicular network indicates that 
in the absence of synchronized contractions along the 
FIg. 7. Visualization of lobule-wide bile flux gradients. (A) Representative time-lapse imaging of a liver lobule with tdTomato-positive 
IBDs (red), infused with CMFDA (green). Bottom row shows false color images for visualization of CMFDA intensity. Graphs show raw 
and normalized fluorescence intensity indicating a higher depletion rate in the periportal versus pericentral zones. Contour plot shows 
the hepatocyte transport–induced antidromic PV–CV gradient and the diffusion-derived CV–PV gradient over time. (B) Representative 
time-lapse imaging of a liver lobule with tdTomato-positive IBDs (red), infused with CMNB-Fluo after photoactivation in the entire 
lobule. Bottom row shows false color images for visualization of CMNB-Fluo intensity. Graphs show raw and normalized fluorescence 
intensity, indicating a higher depletion rate in the periportal versus pericentral zones. Contour plot shows the appearance of the diffusion-
derived CV–PV gradient over time. Scale bar, 100 µm. Abbreviations: A.U., arbitrary units; CMNBF, CMNB-Fluo.
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CV–PV axis, merely mixing (rather than pumping) of 
canalicular contents may occur.
One of the surprising aspects of flux in the cana-
licular network is the low diffusion coefficient of 2.4-
4.6  μm2/second (95% confidence interval) compared 
to ~200  μm2/second in water in vitro (Supporting 
Fig. S3B). Biliary constituents such as albumin and 
phospholipid micelles may interact with bile acids to 
reduce their diffusivity. The apparent value of a dif-
fusion coefficient may represent anomalous diffusion 
processes such as (1) polydispersive diffusion(35)—
the convolved diffusivity and binding interactions 
of multiple populations ranging from micellar to 
freely diffusing bile acid molecules—or (2) Knudsen 
diffusion—due to the relatively small size of the dif-
fusible volume compared to the mean path length. 
Nonetheless, even the relatively low apparent diffusion 
coefficient is sufficient to account for observed lobu-
lar clearance rates, as verified by the diffusion sim-
ulation in realistic canalicular geometries. Moreover, 
we show that hepatocyte cytoplasmic concentration 
is the strongest influence on canalicular concentra-
tions for bile salt analogues over the entire clearance 
period (Supporting Fig. S3C). Thus, we corroborate 
previous reports(36,37) that energy-dependent export 
from hepatocytes to the canalicular lumen is a strin-
gent bottleneck for bile acid clearance. Diffusive flux 
through the canalicular network is not limiting. Due 
to high periportal transport rates, high concentrations 
of bile acids are created near the interlobular bile 
ducts, reducing the distance bile acids have to cross 
by diffusion. Effectively, the functional diffusive zone 
may be smaller than the actual anatomical size of the 
lobule.
In summary, this work demonstrates the flux mech-
anisms that operate in the various liver microdomains 
and provides a generalized methodology to perform 
quantitative intravital evaluation of flux-associated 
organ function. The liver follows the principle of 
parsimony—the energy invested in active trans-
port across membranes is entropically dissipated for 
canalicular diffusion, to be augmented by energy-driven 
regulated flow in the ducts for efficient bile secretion.
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